This year's competition aimed to survey state-of-the-art near-IR high reflectors. The requirements of the coatings were a minimum reflection of 99.5% at 0 degrees incidence angle light at 1064-nm. The choice of coating materials, design, and deposition method were left to the participants. Laser damage testing was performed at a single testing facility using the ISO standard protocol with a 3-ns pulse length laser system operating at 5 Hz in a multi-longitudinal mode. A double blind test assured sample and submitter anonymity. The damage performance results (LIDT) and sample rankings are compared to last year's competition results where raster scanning test protocol was involved. In addition, details of the deposition processes, coating materials and substrate cleaning method are also shared. We found that hafnia/silica multilayer coatings deposited by e-beam are the most damage resistant under the test conditions. LIDT differences between testing protocols were up to 38 J/cm 2 , with ISO-reported LIDT results generally higher than those determined by raster scanning.
INTRODUCTION
This thin film laser damage competition represents the 12 th in a series of damage competitions started in 2008 1 at the Boulder Damage Symposium (now the Laser Damage Symposium). In 2018, we have revisited the first year competition topic which surveyed the laser damage resistance of state-of-the-art near-IR high reflector (HR) coatings in the nanosecond (ns) pulse regime. 2 That was an opportunity to compare the overall results of the two competitions set 10 years apart and assess any progress made during this time due to advancement in the coating technologies/materials and better understanding of the role of defects and interfaces in the optical damage of thin films. This year's competition is a continuation of the 2018 study aimed to assess the correlation in damage resistance of mirrors with the same specifications as inferred from two distinctly different damage testing protocols, both using a 3-ns pulse length laser system operating at 5 Hz. Experiments were performed at a single testing facility to enable direct comparison among the participants. Due to the large pool of samples received over the two years, we have selected 22 out of 53 samples for damage testing using the ISO standard protocol; the newly received samples in 2019 were also tested with the raster scan protocol. We then compared the rankings and damage performance results by ISO standard to those obtained via raster scanning from the same samples. This comparison is of great interest to the laser damage and applications communities because of the variability in the ns-laser damage performance reported by different groups mainly because of the defect-driven nature of the damage mechanisms in this regime; both the density of the performance-limiting defects on a given sample and the laser parameters can greatly influence the results and therefore careful consideration must be given to accurately design the damage test which best informs the user on the performance of a coating for a particular application, i.e. large-aperture laser systems with low repetition rates vs. laser applications involving a small-beam at high repetition rates. The details of the deposition processes, cleaning method, coating and substrate materials, and layer count will also be shared.
PARTICIPATION
A total of fifty-three samples were submitted for this competition (thirty-three samples in 2018 and twenty samples in 2019) by twenty-four different companies/institutions (many with multiple entries) representing eight different countries as observed in Table 1 . Two participants are new to this series of competitions. The samples were manufactured by each participant on their own 50 mm diameter by 10 mm thick substrates which were then submitted for laser damage testing. In addition to providing the samples, participants were required to supply the following information: 
SAMPLES
Samples were assigned a unique two-digit participant code to maintain anonymity. The first digit consisted of a letter ranging from A to Z while the second digit was a sample number ranging from 1 to 4, depending on how many samples were supplied by each participant. The connection between the participant name and code was unknown to the damage testing service; they only had access to the participant code so as to remain unbiased and to protect the identities of participants whose samples had lower laser resistance. Only the participant code is used in this paper and also the talk presented at the Laser Damage Conference to maintain participant anonymity.
The high-reflectivity coatings had to meet the following specifications:
• Reflectance > 99.5% at the central wavelength of 1064-nm
• Incidence angle 0 degrees (polarization insensitive)
-Relative humidity (40 ± 20%)
• No reflected wavefront or stress requirement
• No surface quality requirement
Five deposition processes and six high-index materials were selected for the 2019 competition and are listed in Table 2 and Table 3 , respectively. Zirconia was a new high index material in 2019 compared to the 2018 samples. All samples used silica as the low-index material. Finally, all substrates were solvent cleaned before deposition and their materials were distributed as follows: 73% fused silica, 23% BK7 and 4% quartz. Table 2 . Sample distribution as a function of coating deposition process.
Deposition process
Number of samples Electron-beam (e-beam) 9
Ion Beam Sputtering (IBS) 8
E-beam + Ion Assisted Deposition (e-beam IAD) 1
Plasma Ion Assisted Deposition (PIAD) 1
Magnetron Sputtering (MS) 3 Table 3 . Sample distribution as a function of high refractive index coating materials.
High refractive index materials

Number of samples
HfO 2 11
MEASUREMENTS
The coating samples were laser-damage tested at Spica Technologies, Inc. at near normal incidence and ambient conditions using a 1064-nm (1ω), near-Gaussian laser beam from a commercial laser system operating at 5 Hz repetition rate with 3-ns pulse duration (FWHM) in a multi-longitudinal mode. The test laser beam at an equivalent sample plane was characterized prior to each sample test using a diagnostic reference arm. Representative laser beam spatial and temporal profiles are illustrated in Figs. 1(a1) and 1(a2), respectively; we note the beam size on target had two distinct configurations to allow reaching higher fluences as needed for some of the high-performance coating samples and/or specific test protocols.
The raster scan test 3 was performed over a 1-cm 2 test area with 90% peak fluence overlap (∼ 200 µm step size between test sites for the 1-mm diameter beam) in a serpentine pattern starting at 1 J/cm 2 ; if no damage was observed, the fluence was subsequently increased in 3 J/cm 2 steps over the same area (ramp fluence conditioning) until isolated damage and/or onset of propagating (or catastrophic) damage was confirmed. The absolute fluence error was estimated to be ∼15 %. The maximum fluence achievable in this configuration (i.e., ∼1-mm beam size) was 73 J/cm 2 . Two best performing samples required even higher test fluences, therefore i) the focusing geometry was adjusted to yield fluences in excess of 100 J/cm 2 with a smaller beam size and, consequently, ii) the raster step size was reduced as well. Damage detection via an in-situ monitor as well as visual observation by the user provided a site count at each fluence step. In the 2018 competition, for all samples tested, we reported the highest peak fluence for irradiation (beam normal) according to three damage criteria, the so-called LIDT value: i) no observable damage (0 sites), ii) damage initiation at less than 1% of test sites (∼20 sites), and iii) failure due to initiation at more than 1% of test sites or onset of propagating (growing) damage. 2 The exact same protocol and damage criteria were used for new samples tested this year by raster scanning. All reported raster scan fluences have a ∼3 J/cm 2 uncertainty owing to the discrete fluence steps.
The ISO standard test 4 involves irradiation of a single location on the sample with a fixed number of pulses at a fixed test fluence, i.e. for this study, a 100/1 test was performed. The procedure was repeated at 10 test sites per fluence and typically 10 different test fluences (e.g., total of 100 test sites). The beam size of ∼0.5 mm was chosen to access higher fluences and the laser peak fluence was enclosed within a ∼100 µm diameter spot or 0.01 mm 2 area, thus yielding ∼0.001 cm 2 of area tested. Damage detection, similarly to the raster scan protocol, is achieved via in-situ monitor to provide a count of the number of test sites resulting in damage for each fluence. A probability of damage vs. fluence can then be computed and the highest peak fluence for 'no damage' is reported. A representative probability of damage curve is illustrated in Fig.2 for sample L1 and the onset of damage is indicated by the blue arrow, i.e. the maximum test fluence with 'no damage'. It should be noted that the measurement uncertainties associated with the 100/1 tests varied sample to sample (∼1-5 J/cm 2 ) depending on the specific values of the 10 test fluences chosen for each sample and their proximity to the 'true' damage onset (unknown). For the purpose of this study, we will consider the fluence uncertainties to be on the order of ∼3 J/cm 2 for the 100/1 tests, similar to those for raster scanning.
One important aspect to be considered when comparing the results of the test protocols described above is the vastly different tested area by raster scanning vs. ISO standard, i.e., 10 3 ×. This distinction comes into play when considering that damage with 1ω, ns-pulses is defect-driven in nature, i.e., its onset will depend on the test area. As an example, the best damage resistant coatings in this regime, e-beam hafnia coatings (reported in the 2008 and 2018 surveys 1, 2 ) have very few low-fluence, performance-limiting damage precursors which are randomly distributed across the film, e.g.∼5-10 micron-size defects per cm 2 . Thus, the raster scan over ∼1 cm 2 area will more likely access these sparse precursors while a small beam with ∼0.01 mm 2 coverage can avoid them and access a different precursor population within the pristine coating (with a higher onset fluence). Based on this simple argument alone, i.e., the discrepancy in area tested, we predict that fluences reported by the ISO standard test will be equal or higher than those reported by raster scanning. The topic of comparing different test protocols was investigated by several other groups at this conference (see papers #11173-34, #11173-36 and #11173-42 in this Proceedings).
RESULTS
In total, 22 samples were selected for the comparison of the damage test protocols, 14 (out of 33) samples submitted in 2018 and 8 (out of 20) new samples received in 2019. The latter batch had to undergo testing with both protocols, while the former only received the ISO standard test. Overall, 30 tests were performed over the summer months preceding the 2019 meeting. Figure 3 plots the laser fluences using the 'No damage' criteria reported by raster scanning and ISO standard protocols (blue-solid and blue-hashed bars, respectively) for all samples (unique sample codes shown on the horizontal axis). Two interesting observations can be drawn from the data in Fig. 3 , namely: i) the LIDT values for 1064-nm, 3-ns pulses span a wide range of ∼100× for both test methodologies, and ii) the ISO test reported higher fluences than the raster scan for most samples.
To the first point, i.e., wide range of LIDT values, previous results presented in this competition for HR coatings in the ns-and ps-pulse regimes at various wavelengths from 1064-nm to 193-nm 1, 2, 5-9 have documented similar behaviors due to, in part, the defect-driven damage mechanisms in effect for these excitation regimes. The isolated, localized nature of the damage sites initiated during the raster scans support this hypothesis and suggest a wide spectrum of coating defects (damage precursors) across the samples, i.e. some samples have a lot fewer, low-fluence threshold defects and perform better than others; moreover, even smaller area sampling (more likely within the pristine coatings) by the ISO standard test reveals large variations in the precursors properties.
The second observation will be discussed next, i.e., for most samples, the ISO test reported higher fluences than the raster scan. In addition, the ranking of the samples in the population (high-to-low performing) can be altered significantly depending on the test methodology involved. To gain more insight, we will compute the difference in the LIDT fluences reported by ISO vs. raster tests (positive values for most samples). Furthermore, we will compare the difference in test results across the sample population with additional grouping by deposition methods and high-index materials. This recasting of the data is presented in Fig. 4 as follows: the top graph shows the grouping of the 22 samples by coating deposition methods and their laser resistance using the 'No damage' criteria by raster scanning, sorted high-to-low fluence within each group; the bottom graph plots the difference in the LIDT values reported by ISO vs. raster tests for the exact same samples (blue-hashed bars minus blue-solid bars in Fig. 3 ). The high index material is noted on the horizontal axis for both graphs. The grey, semi-transparent band at the bottom of Fig. 4 denotes the fluence uncertainty of ∼3 J/cm 2 on all reported values which helps discriminate ∼4-7 samples with more or less identical fluences reported by either test. All of the other samples exhibit a positive difference beyond this uncertainty, with ISO test reporting higher LIDT values than the raster scanning. Several observations may be drawn from the combined results in Fig. 4 as follows:
• The top-performing coatings by e-beam, e-beam IAD and IBS tend to exhibit the largest differences in the LIDT values (15 J/cm 2 or larger). Specifically, coatings using HfO 2 by e-beam or e-beam IAD and Ta 2 O 5 by IBS may have a fairly low aerial density of performance-limiting defects, i.e. were missed by the ISO standard test over a small area, thus much higher reported values compared to those from the raster scan test over a larger area.
• The mid-and low-performers in each deposition group had less than ∼5 J/cm 2 disparity in the reported fluences by either test. This behavior may indicate an overall higher aerial density of damage precursors in these coatings which were thus likely to initiate during both tests protocols. To wrap up our two-year survey of 1064-nm high reflector coatings in the ns-pulse regime, we summarize the laser damage resistance of the entire population (all 41 samples received in 2018-2019) as inferred from raster scan test methodology in Figs. 5(a)-5(b) using 'No damage' and 'Damage initiation' criteria, respectively. These results indicate that i) overall best performing coatings used HfO 2 by e-beam and e-beam IAD and ii) best dense coatings by IBS and MS used Ta 2 O 5 and Al 2 O 3 as high index materials.
CONCLUSIONS
The official winner of the 2018-2019 thin film damage competitions at 1064-nm, 3-ns pulses was sample O1, a hafnia/silica mirror coating deposited by e-beam with LIDT of 82 J/cm 2 by raster scanning and 100 J/cm 2 by ISO standard test ('No damage' criteria). Using the LIDT defined by raster scanning for 'Damage initiation' of stable defects, 12 out of 41 samples (all e-beam deposition) performed above 40 J/cm 2 .
